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Abstract
Z′ bosons that couple preferentially to the third generation fermions can arise in models with extended
weak (SU(2)×SU(2)) or hypercharge (U(1)×U(1)) gauge groups. We show that existing limits on quark-
lepton compositeness set by the LEP and Tevatron experiments translate into lower bounds of order a
few hundred GeV on the masses of these Z′ bosons. Resonances of this mass can be directly produced
at the Tevatron. Accordingly, we explore in detail the limits that can be set at Run II using the process
pp→ Z′ → ττ → eµ. We also comment on the possibility of using hadronically-decaying taus to improve
the limits.
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1 Introduction
The Standard Model of particle physics gives an excellent description of physics at the energy scales probed
to date. Nonetheless, it does not explain the origins of the masses of the electroweak gauge bosons and the
elementary fermions, and must be regarded as a low-energy effective field theory. For a description of the
dynamics underlying the generation of mass, we must turn to physics beyond the Standard Model.
Much recent theoretical work on the question of why the top quark is so heavy has suggested that the
cause could be additional gauge interactions that single out the third generation fermions. A number of
interesting models along these lines extend one (or more) of the Standard Model’s SU(N) gauge groups into
an SU(N) × SU(N) gauge structure [1, 2, 3, 4, 5]. In general, fermions of the third generation transform
under one SU(N) group and those of the first and second generations transform under the other one. When
the SU(N) × SU(N) spontaneously breaks to its diagonal subgroup, the broken generators correspond to a
set of massive SU(N) gauge bosons that couple to fermions of different generations with different strengths.
Many of these models predict the presence of massive Z′ bosons that couple preferentially to the third-
generation fermions. Some theories include an extended SU(2)× SU(2) structure for the weak interactions;
generally, the first two generations of fermions are charged under the weaker SU(2) and the third genera-
tion feels the other, stronger, SU(2) gauge force. Examples include non-commuting extended technicolor
(NCETC) models [2, 6] and topflavor models [5, 7]. For many of these models, precision data suggest
that the Z′ must be relatively heavy; but in some non-commuting extended technicolor models, a mass as
low as 400GeV is not precluded [2]. There are also theories in which a Z′ boson arises due to an extra
U(1) group coupled preferentially to the third-generation quarks (and possibly leptons). Examples are the
topcolor-assisted technicolor [3, 8] and flavor-universal topcolor-assisted-technicolor [9, 10] models. In these
models, depending on the charge assignments of the ordinary and technifermions, constraints from FCNC
and precision electroweak corrections can allow the Z′ boson to be as light as 290GeV [11].
More generally, electroweak scale Z′ bosons are also present in string theories [12], and string-inspired
models often yield non-universal couplings [13] for the Z′. A recent analysis of electroweak precision data [14]
actually gives a strong indication of the presence of an extra Z′ boson with the fits favoring non-universal
couplings to the third family.
The literature already contains a number of suggestions about how experiment can set stronger limits on
these Z′ bosons. Note that bounds on Z′ bosons which do not couple preferentially to the third generation
[15] are not directly applicable. For example, in models with extended weak interactions, the presence of
W′ bosons with mass below about 1.5TeV would cause an enhancement of single top quark production
large enough to be visible at the Tevatron’s Run II experiments [6]; this would provide indirect evidence of
similarly light Z′ bosons. The Run I Tevatron experiments have searched for topcolor Z′ bosons in bb and
tt final states. In these processes, the backgrounds are of QCD strength. As a result, no limit has been set
from the bb channel [16] and the recent limit in the tt¯ channel (MZ′ > 650GeV) [17] is for a Z
′ that couples
only to hadrons and is quite narrow, ΓZ′ = .012MZ′. These searches should have greater reach in Run II,
due to the higher luminosity and improved detectors. Flavor-changing neutral current effects can also yield
constraints on Z′ bosons with non-universal couplings [18].
This paper discusses two additional methods of searching for Z′ bosons that couple primarily to the
third family fermions. We first show how existing LEP and Tevatron bounds on the scale of quark-lepton
compositeness can be adapted to provide lower bounds on the mass of these Z′ bosons. We then analyze,
the possibility of searching at Tevatron Run II for Z′ bosons in the channel pp→ Z′ → ττ → eµ in order to
exploit the strong Z′ → ττ coupling and the low backgrounds for eµ final states.
In Section 2, we will review the properties of the Z′ boson arising in models with an extended weak gauge
group and display the existing limits from electroweak precision data. In Section 3 we extract limits on
these Z′ bosons from the LEP and Tevatron compositeness bounds. Section 4 focuses on the Run II search
in leptonically-decaying pair-produced taus. We then in Section 5 show how our results are modified for Z′
1
bosons in models with an extended hypercharge group, and we mention a few additional search channels
which may help improve the reach of Run II in Section 6. Our conclusions are presented in Section 7.
2 Z′ Bosons From Extended Weak Interactions
2.1 General properties of SU(2) Z′ bosons
The models of interest to us include the usual complement of quarks and leptons, along with standard strong
and hypercharge interactions. The new physics lies in the weak interactions, which are governed by a pair
of SU(2) gauge groups:
SU(2)h × SU(2)ℓ . (2.1)
The SU(2)h group governs the weak interactions for the third generation (heavy) fermions; the left-handed
fermions transform as doublets and the right-handed ones, as singlets under this group. Similarly, the SU(2)ℓ
group couples to the first and second generation (light) fermions, whose charges under SU(2)ℓ are as in the
standard model. The extended weak group (Equation 2.1) is broken to its diagonal subgroup, SU(2)L at
energy scale u by a (composite) scalar field σ, charged under SU(2)h × SU(2)ℓ ×U(1)Y as:
σ ∼ (2, 2)0, 〈σ〉 =
(
u 0
0 u
)
. (2.2)
The final step in electroweak symmetry breaking could, in principle, proceed through a condensate
charged under SU(2)ℓ or one charged under SU(2)h – or one of each [2, 5]. The first option allows the Z
′
boson to be the lightest [2], making it the option of greatest phenomenological interest. Hence, we assume
that the symmetry breaking SU(2)L ×U(1)Y → U(1)em is due to a (composite) scalar
Φ ∼ (1, 2)1/2, 〈Φ〉 =
(
0
v/
√
2
)
. (2.3)
The generator of the U(1)em group is the electric charge operator:
Q = T3h + T3ℓ + Y , (2.4)
and the corresponding photon eigenstate is:
Aµ = sin θ (cosφWµ3h + sinφW
µ
3ℓ) + cos θX
µ (2.5)
where θ is the usual weak mixing angle and φ is an additional mixing angle occasioned by the presence of
two weak gauge groups. We can therefore relate the gauge couplings and mixing angles as follows:
gh =
e
cosφ sin θ
=
g
cosφ
gℓ =
e
sinφ sin θ
=
g
sinφ
gY =
e
cos θ
.
(2.6)
For brevity we will write sφ ≡ sinφ and cφ ≡ cosφ.
In diagonalizing the mass matrix for the neutral gauge bosons, it is convenient to first transform to an
intermediate basis [19],
Zµ1 = cos θ (cφW
µ
3h + sφW
µ
3ℓ)− sin θXµ (2.7)
Zµ2 = −sφWµ3h + cφWµ3ℓ , (2.8)
2
where the covariant derivative neatly separates into standard and non-standard contributions:
Dµ = ∂µ − i g
cos θ
Zµ1
(
T3h + T3ℓ − sin2 θ Q
)− igZµ2
(
−sφ
cφ
T3h +
cφ
sφ
T3ℓ
)
. (2.9)
In terms of these states, the neutral mass eigenstates (the Z0 and Z′ states) are given, to leading order in
1/x = v2/u2, by the superpositions:
(
Z0
Z′
)
≈
(
1 − c
3
φsφ
x cos θ
c3φsφ
x cos θ 1
)(
Z1
Z2
)
. (2.10)
Expanding the covariant derivative in Equation 2.9 in terms of the mass eigenstates Z0 and Z′, we find
that, to order 1/x:
Dµ = ∂µ − ig
cos θ
Z0µ
[(
1− c
4
φ
x
)
T3ℓ +
(
1 +
c2φs
2
φ
x
)
T3h − sin2 θ Q
]
− igZ′µ
[(
cφ
sφ
+
c3φsφ
x cos2 θ
)
T3ℓ +
(
−sφ
cφ
+
c3φsφ
x cos2 θ
)
T3h − sin2 θ
(
c3φsφ
x cos2 θ
)
Q
]
. (2.11)
For large sφ the Z
0 boson can maintain a nearly standard model coupling to all fermion species, while the Z′
boson has a greatly enhanced coupling to the third generation fermions. Moreover, we will see that the 1/x
corrections are small in the phenomenologically interesting region of parameter space, so that the Z′ boson
essentially couples only to left-handed fermions.
To leading order, the mass of the Z′ boson in the region where sφ exceeds cφ is
M2Z′ =
( ev
2 sin θ
)2 x
s2φc
2
φ
=M2WSM, tree
x
s2φc
2
φ
. (2.12)
and, to this order, the mass of the W′ boson is the same. The masses of the Z0 and W± bosons are shifted
from their tree-level standard model values by identical multiplicative factors, so that there is no change in
the predicted value of the ρ parameter at order 1/x [2].
The width of the Z′, to leading (here, zeroth) order in 1/x and in the region where sφ > cφ is
1
ΓZ′
α2MZ′
=
2
3
(
cφ
sφ
)2
+
[
5
24
+
1
8
(
1− 2m
2
t
M2Z′
)(
1− 4m
2
t
M2Z′
)1/2
Θ(MZ′ − 2mt)
](
sφ
cφ
)2
, (2.14)
where we have included the effects of the t-quark mass, while taking the other fermion masses to be zero.
The step function ensures that we only include the top contribution when the Z′ mass is above the top
threshold. To this order, the Z′ boson couples neither to right-handed fermions nor to Z0Z0 nor to W+W−.
Effects from the composite scalars are not substantial. Figure 1 shows the Z′ width for Z′ masses between
350GeV and 750GeV as a function of the mixing angle sφ. The width of the Z
′ falls to a minimum at
approximately sφ = 0.8. The width then grows rapidly as sφ becomes larger.
1A fermionic species, f , contributes to the width of this gauge boson as
Γf,Z′ = Cf
(
M2
Z′
− 4m2f
)1/2
48π
[(
gf,R + gf,L
)2(
1 +
2m2f
M2
Z′
)
+
(
gf,R − gf,L
)2 (
1−
4m2f
M2
Z′
)]
, (2.13)
where Cf is a color factor (1 for leptons, 3 for quarks), mf is the fermion mass, and gf,R, gf,L are the right and left handed
couplings of the fermion.
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Figure 1: Z′ widths for five different Z′ masses (from below: 350GeV, 450GeV, 550GeV, 650GeV, and
750GeV) as a function of the mixing angle sφ. Note that as sφ increases, the width of the Z
′ falls to a
minimum in the neighborhood of sφ = 0.8, due to the decreasing couplings to the first and second generation
fermions. The width then rises rapidly as sφ grows large, due to the rapid growth in the third generation
couplings.
2.2 Light SU(2) Z′ in models of dynamical symmetry breaking
A gauge structure of this kind has been proposed within the context of models of dynamical electroweak
symmetry breaking [2, 7] and models in which the vacuum expectation value of a weakly coupled scalar
boson breaks the electroweak symmetry [5]. A class of models in which the precision electroweak data
allow the Z′ and W′ bosons to be particularly light are the non-commuting extended technicolor models
[2]. The electroweak symmetry breaking pattern of non-commuting extended technicolor is characterized by
a three-stage breakdown from the unbroken, high energy theory to the low energy electromagnetic gauge
structure:
GETC × SU(2)ℓ ×U(1)′
f−→
GTC × SU(2)h × SU(2)ℓ ×U(1)Y
u−→
GTC × SU(2)L ×U(1)Y
v−→
GTC ×U(1)em .
(2.15)
At the scale f , the extended technicolor gauge group GETC breaks to the technicolor gauge group and the
SU(2)h (heavy) group. The two SU(2) groups mix and break to their diagonal subgroup at the scale u.
The final breaking of the remaining electroweak symmetry is accomplished at scale v. If the condensate 〈Φ〉
responsible for electroweak symmetry breaking at scale v is charged under SU(2)ℓ (rather than SU(2)h), the
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Figure 2: Limits at the 95% confidence level on the mass of the W′ and Z′ bosons (which are equal to
leading order in 1/x), as a function of the parameter sφ from various sources. Regions of the parameter space
lying below a given line are excluded by the corresponding search. The curve from upper left to lower right
is based on precision electroweak data [2]. The horizontal lines are the current limits from the compositeness
analyses at LEP; as sφ approaches 1, our approximations may break down due to the rapid increase in the
Z′ width. The bottom curve is the current limit from the compositeness analyses at FNAL (first generation
fermions at DØ, Section 3.2); the contact approximation breaks down for light Z′. The region to the right of
the vertical dashed line is excluded to avoid SU(2)h couplings strong enough to break the chiral symmetries
of the technifermions.
resulting masses of the Z′ and W′ bosons can be as low as 400GeV, as illustrated in Figure 2. New gauge
bosons with such small masses are of great phenomenological interest, as they are within the kinematic reach
of Tevatron Run II experiments and their indirect effects may be apparent at LEP 2. In other models with
the extended SU(2)h × SU(2)ℓ gauge structure, existing lower limits on the gauge boson masses tend to be
of order 1 - 1.5TeV [5].
Note that in the context of non-commuting extended technicolor models, the coupling gh is essentially
the value of the technicolor coupling at scale f . We therefore expect gh to be large compared to the weak
coupling g, so that the value of c2φ (from Equation 2.6) should be relatively small. However, if c
2
φ is too
small, gh will be above the critical value at which the chiral symmetries of the technifermions break. Thus,
as discussed in [2], we must restrict s2φ to be smaller than about 0.95, hence sφ . 0.975 (vertical dashed line
in Figure 2).
3 Limits on an SU(2) Z′ from Compositeness Searches
For experiments done at energies below the mass of a Z′ boson, one can approximate the contribution of
the Z′ to fermion-fermion scattering as a contact interaction whose scale is set by the mass of the Z′ boson.
Thus, published experimental limits on compositeness can set a lower bound on MZ′ .
5
3.1 LEP Data
The LEP experiments ALEPH [20] and OPAL [21] and have recently published limits on contact interactions.
Following the notation of [22], they write the effective Lagrangian for the four-fermion contact interaction
in the process e+e− → ff as
Lcontact = g
2
Λ2(1 + δ)
∑
i,j=L,R
ηij
(
eiγµei
)(
f jγ
µfj
)
(3.1)
where δ = 1 if f is an electron and δ = 0 otherwise. The values of the coefficients ηij set the chirality
structure of the interaction being studied; OPAL and ALEPH study a number of cases where one of the ηij
is equal to ±1 and the others are zero. Following the convention [22] of taking g2/4π = 1, they determine a
lower bound on the scale Λ associated with each type of new physics. Of particular interest to us are their
limits on contact interactions where the final-state fermions f belong to the third generation: e+e− → bb
and e+e− → τ+τ−. Among the limits published by ALEPH [20] and OPAL [21], those of interest to us are
Λ(f = τ, ηLL = +1) >
{
3.9TeV ALEPH
3.8TeV OPAL
(3.2)
Λ(f = b, ηLL = +1) >
{
5.6TeV ALEPH
4.0TeV OPAL .
(3.3)
At energies well below the mass of the Z′ boson, its exchange in the process e+e− → ff where f is a τ
lepton or b quark may be approximated by the contact interaction
LNC ⊃ − e
2
sin2 θM2Z′
(
− cφ
2sφ
(
eLγµeL
))( sφ
2cφ
(
fLγ
µfL
))
, (3.4)
based on the Z′-fermion couplings in Equation 2.11. Comparing this with the contact interactions studied
by LEP, we find
MZ′ = Λ
√
αem
4 sin2 θ
. (3.5)
The limits from τ -pair production are, then,
MZ′ >
{
365GeV ALEPH
355GeV OPAL ,
(3.6)
and those from bb production are
MZ′ >
{
523GeV ALEPH
375GeV OPAL .
(3.7)
As Figure 2 illustrates, the limits are comparable to the previous lower bound on MZ′ from precision elec-
troweak data in the case where sφ is large; for small sφ the earlier limits remain stronger. As additional data
from the other experiments or higher energies becomes available, the lower bound on MZ′ can be updated
by using the new lower bound on Λ in Equation 3.5.
6
3.2 FNAL Data
The CDF and DØ Collaborations have each searched for the low energy effects of quark-lepton contact
interactions on dilepton production in 110 pb−1 of data taken at
√
s = 1.8TeV [23]. Since this process is
dominated by first and second generation fermions, the limits on our Z′ bosons tend to be weaker than those
derived from LEP data.
In their analysis, the CDF Collaboration described the effective four-fermi interactions of the first gen-
eration fermions due to new physics by an effective Lagrangian including the terms:
LEQ ⊃ ξ0LL
(
ELγµEL
)(
QLγ
µQL
)
+ ξ1LL
(
ELγµτaEL
)(
QLγ
µτaQL
)
+ ξuLR
(
ELγµEL
)(
uRγ
µuR
)
+ ξdLR
(
ELγµEL
)(
dRγ
µdR
)
+ ξeRL
(
eRγµeR
)(
QLγ
µQL
)
+ ξuRR
(
eRγµeR
)(
uRγ
µuR
)
+ ξdRR
(
eRγµeR
)(
dRγ
µdR
)
, (3.8)
where QL ≡ (u, d)L, EL ≡ (νe, e), and the subscripts L and R denote the left and right helicity projections.
The coefficients ξij are related to the scale of new physics, Λij , as ξij = g
2
0/Λij , where g
2
0 is an effective
coupling which grows strong at the compositeness scale: g20(Λ)/4π = 1. The analysis searched for deviations
in the dilepton spectrum from the standard model prediction; the absence of such deviations enabled them
to set a lower bound on the scale of the new interactions.
The CDF analysis included fermions beyond the first generation by assuming a kind of universality:
electrons and muons have identical contact interactions, all up-type quarks behave alike, all down-type
quarks behave alike. They derived separate limits on contact interactions involving different combinations
of fermions; for example, assuming that the only contact interaction was one between left-handed muons
(electrons) and up-type quarks, they found at 95% confidence
Λ(µL; uL, cL, tL) > 4.1TeV (3.9)
Λ(eL; uL, cL, tL) > 3.7TeV . (3.10)
The presence of a massive Z′ boson in our model gives rise to four-fermion contact interactions that
include the terms
LNC ⊃ − e
2
sin2 θM2Z′
(
cφ
2sφ
)2 (
eLγµeL + µLγµµL
)(
uLγ
µuL + dLγ
µdL + cLγ
µcL + sLγ
µsL
)
. (3.11)
In other words, the contact interactions among left-handed fermions in the first two generations all have
the same coefficient. The interaction strength for third-generation fermions is different, as seen from Equa-
tion 2.11. Thus, the CDF analysis applies to our Z′ boson only to the extent that initial-state third-generation
quarks do not contribute to dilepton production. Since the top quark’s parton distribution function is ap-
proximately zero, we can reasonably apply the CDF limits for lepton/up-type-quark contact interactions to
our model.
Comparing the interactions 3.8 and 3.11, we find the relationship between MZ′ and Λ is
MZ′ = Λ
(
cφ
sφ
)√
αem
4 sin2 θ
. (3.12)
The CDF bounds in Equation 3.10 imply
MZ′ >


(
cφ
sφ
)
× 380GeV from dimuons
(
cφ
sφ
)
× 345GeV from dielectrons .
(3.13)
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These limits are comparable to those from the LEP data for sφ ≈ cφ, but become significantly weaker at
large sφ.
The DØ Collaboration has performed a similar analysis for high energy dielectron production [24], but as-
suming only first-generation fermions participate in the contact interactions (i.e. the terms explicitly written
in Equation 3.8. Since they include only first-generation fermions, their limit
Λ(eL; uL, dL) > 4.2TeV (3.14)
applies directly to our Z′ boson, yielding the constraint
MZ′ >
(
cφ
sφ
)
× 390GeV (3.15)
which is comparable to the result obtained by CDF.
The TeV 2000 Group Report [25] projects that the limits on the scale of quark-lepton compositeness will
be increased to Λ ≥ 6 − 7TeV. This would raise the corresponding limits on the mass of these SU(2) Z′
bosons to MZ′ ≥ (cφ/sφ)× 550− 650GeV.
4 Direct Searches for an SU(2) Z′ in pp −→ Z′ −→ τ+τ−
In studying direct production of a Z′ boson from an extended electroweak gauge structure, we must be aware
of several competing issues. The couplings of third generation fermions to the extended gauge sector are
enhanced relative to their Standard Model values, while those of the first and second generation particles
are reduced. Since the current lower bounds on the Z′ mass are on the order of 400GeV, the only machine
presently available to perform a direct search is the Fermilab Tevatron. Thus, we are led to searching for
a clean signal in third generation final states in a hadronic environment. Given the high mass of the top
quark, the large QCD backgrounds for bottom production, and the difficulty of seeing the τ -neutrino final
state in photon plus missing energy or monojet events, the most promising channel is
pp −→ Z′ −→ τ+τ− +X . (4.1)
Each τ decays to a final state including either hadrons or one charged lepton and neutrinos. Our analysis
concentrates on fully leptonic decays; we discuss possibilities with hadronic final states in Section 6. The
three fully leptonic final states are characterized by opposite sign leptons with relatively large missing energy:
τ+τ− −→


µ+µ− + neutrinos
e+e− + neutrinos
e+µ− (or e−µ+) + neutrinos
(4.2)
Dimuon and dielectron final states are also characteristic of a number of Standard Model processes (e.g.,
Drell-Yan), making it difficult to separate our Z′ signal from the backgrounds. Thus, we focus on the last
channel above, namely oppositely charged, high-pT electron-muon pairs.
We have employed Pythia version 6.127 [26] with our own simple model of the DØ detector to generate
events and used our own code to analyze the generated data. Our idealized version of the Run II DØ
detector defines the fiducial volume and smears event tracks. The central calorimeters are taken to have
a pseudorapidity coverage, η, of |η| ≤ 1.1, while the end-cap calorimeters are taken to have a coverage of
1.5 ≤ |η| ≤ 4.0 for jets and 1.5 ≤ |η| ≤ 2.5 for leptons. The dilepton events may initially be selected by a
single or double lepton trigger. Our analysis assumes a trigger times offline selection efficiency of 95%, per
lepton. We choose to trigger on the transverse momentum of the leptons, and set the triggering threshhold
8
for each lepton at 15GeV.2 Jet reconstruction efficiency is taken to be 100% for jets with transverse momenta
in excess of 8GeV.3 We identify a jet as a cluster of hadronic energy in excess of 8GeV contained within a
cone of base radius R =
√
η2 + φ2 < 1. Our jet reconstruction code is based on the Pythia cluster finding
algorithm. Based on these assumptions, we chose as an event trigger the presence of an electron and a muon
of opposite electric charge both with transverse momenta in excess of 15GeV, with tracks lying within the
fiducial volume of the detector.
We generated several sets of signal events corresponding to different Z′ boson masses and different values
of the mixing angle φ in the region least constrained by precision electroweak data (large sφ, see Figure 2).
We also generated eµ events from the four significant sources of Standard Model backgrounds
pp −→ Z0/γ∗ −→ τ+τ− −→ eµ + neutrinos (4.3)
pp −→W+W− −→ eµ + neutrinos (4.4)
pp −→ tt −→W+W−bb −→ eµbb + neutrinos (4.5)
pp −→ bb −→ eµqq + neutrinos , (4.6)
which we will call the Z0, W-pair, top, and bottom backgrounds, respectively. The superficially similar
backgrounds from charm production were eliminated by the event selection cuts we discuss below. When
generating prompt tau leptons from the signal and background processes in Pythia, we have ignored po-
larization correlations between the tau pairs. This is a reasonable approximation for our study, since the
correlations are diluted when considering only the leptonic decays of the tau. A correct accounting of the
correlations will most likely improve the separation of signal and background.
For each signal and background process, we generated a minimum of 3 × 104 events matching the eµ
final state at
√
s = 2TeV. For each event we verified the presence of the opposite charge eµ pair, and then
reconstructed the jets in the event. To the four-momenta of these leptons and jets, we applied smearing
functions appropriate to the detector.4 We accepted events in which the smeared tracks of both the electron
and the muon lay in the fiducial volume of our idealized Run II DØ detector. Smeared jets falling outside
the detector were dropped from the events. We eliminated events in which both smeared leptons no longer
passed the trigger cuts. Finally, the four momenta of both leptons and the surviving jets in the remaining
events were stored for later “offline” analysis.
Properly normalized pT distributions of background and signal events following the trigger stage are
shown in Figure 3. Examination of the smeared trigger distributions in this figure suggests offline analysis
cuts that will eliminate the majority of the pure electroweak and b backgrounds, while preserving sufficient
signal to permit analysis. These pT distributions are symmetric in the “radial” direction in the p
e
T -p
µ
T plane,
where peT (p
µ
T ) is the transverse momentum of the electron (muon). For our primary analysis cut, we define
the leptonic transverse momentum, pLT , of the event,
pLT =
√
peT
2 + pµT
2
, (4.7)
where we require pLT to exceed some threshold, P
cut
T . Our choice of P
cut
T was dictated by the requirements of
enhancing the signal-to-background ratio while maintaining a sufficiently high absolute signal event rate, and
2We have also considered a combination of this hard pT trigger for one of the leptons and a softer pT trigger for the other.
While doing so does increase the number events to analyze, our later analysis cuts end up eliminating these extra events.
3We do not consider basing event triggers on jets, and so do not consider the jet triggering efficiency, which would be
expected to be much lower than the efficiency for reconstruction given a previous trigger. This is, however, an issue of some
interest, and we will return to it below, in Section 6.
4We have used the following algorithms for track smearing for our Run II detector: for electrons, we performed a Gaussian
smearing based on the electron energy, with ∆E/E = 15%/
√
E; for muons, we performed a Gaussian smearing based on the
transverse momentum, with standard deviation given by σpµ
T
= 1.5×10−3pµT
2
, where the transverse momentum is measured in
GeV; finally, for jets we performed a Gaussian smearing based on the transverse jet energy, with standard deviation quadratic
in the transverse energy with η dependent coefficients.
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Figure 3: LEGO plot of the distribution of events in the peT -p
µ
T plane. The vertical axis displays the cross
section (Events/fb−1), the left horizontal axis the muon transverse momentum (pµT in GeV), and the right
horizontal axis the electron transverse momentum (peT in GeV). Both horizontal axes run from 0GeV up
to 140GeV. The upper left plot is for the Z′ signal process, upper center the Z0 background, upper right
the W-pair background, lower left the top background, and lower right the bottom background. Notice
the symmetry in the radial (pLT ) direction. A cut on p
L
T will eliminate the majority of the Z
0 and bottom
backgrounds and a substantial part of the W-pair background. The Z′ plot is for MZ′ = 450GeV and
sφ = 0.80.
was chosen in conjunction with the other cuts to be described below. We display typical signal-to-background
rates before and after the pLT cut in Figure 4. Based on the calculated signal-to-background ratio and the
absolute signal rates, we placed our pLT cut at
pLT ≥ 60GeV . (4.8)
This value for P cutT should effectively reduce the W
+W− background, since some of the leptons from W-pair
decay exhibit a characteristic Jacobian peak near MW /2.
To further improve signal purity, we consider the presence of hadronic jet activity. For our signal events,
we would expect to see no hadronic jet activity originating at the partonic event level. Similarly, we expect
no jet activity for the Z0 and W-pair backgrounds. However, we always expect activity associated with the
top and bottom backgrounds. In particular, we expect two b jets associated with the top decays to W-b,
and two c jets associated with the bottom decays. Na¨ively then, a cut on jet multiplicity will preferentially
remove the top and bottom backgrounds. We have analyzed the expected jet distributions of events surviving
the pLT cut, as measured in our simulation for each type of event considered. This includes the extra jet
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Figure 4: Signal-to-background ratios as a function of the pLT cut. The five curves correspond, from bottom
to top, to applying successive analysis cuts. The lowest (dotted) curve shows the data following acceptance
and trigger cuts only. The second curve is obtained after applying the pLT cut specified on the x-axis. The
third curve is obtained after applying the jet multiplicity cut, njets < 2, to the events surviving the p
L
T cut.
The fourth curve is obtained after applying the topological cut on the eµ opening angle, cos θeµ < −0.5, to
the events surviving the pLT and jet multiplicity cuts. The topmost curve results from applying the cut on the
opening angle between the low energy lepton and the missing transverse energy in the event, cos θℓ 6ET > 0.9,
to the events surviving the pLT jet multiplicity, and eµ opening angle cuts. The choice of P
cut
T was made by
maximizing the signal-to-background ratio while maintaining sufficient signal count for a large range of Z’
masses. We chose P cutT = 60GeV, which is indicated on the plot by the dashed vertical line. This plot is for
MZ′ = 450GeV and sφ = 0.80.
activity generated by parton showering. We display these distributions in Figure 5; again, by jets we mean
here clusters of hadronic activity with energy in excess of 8GeV.
Note that by rejecting events with jet multiplicity greater than one, we can remove a large majority
of the top and bottom backgrounds while minimally impacting the strength of the signal. Comparing the
signal-to-background ratio for our model before and after a jet multiplicity cut, we find a significant increase
in signal purity, Figure 4.5
Next, we apply a topological cut based on the opening angle between the electron and muon, which we
will label θeµ. Given the large mass of the Z
′, we expect it to be produced nearly at rest in the detector, and
expect the tau pair to be produced back-to-back and highly boosted. Because of this boost, the electron and
muon should be travelling nearly collinearly with their respective parent taus, making them approximately
back-to-back with one another in the signal events. The background events would not be expected to have
an opening angle distribution that is so highly peaked back-to-back. This is borne out by the Monte Carlo
5In our simulations we do not account for effects due to pileup and multiple interactions on jet reconstruction. we expect
these issues will have minor impact on the final efficiency and the signal-to-background ratio.
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Figure 5: Jet multiplicity for the signal and for each major Standard Model background process following
the pLT cut. The upper left plot is for the Z
′ signal process, upper center the Z0 background, upper right
the W-pair background, and lower left the top background, and the lower right the bottom background. As
discussed in the text, all jets of energy exceeding 8GeV are included. Each bin is plotted by the fraction
of events it contains; the final bin contains all events with 5 or more jets. Note the qualitative difference
between the top and bottom distributions and the other three distributions, which suggests that events with
more than one jet be eliminated (these are shaded in gray). The Z′ plot is forMZ′ = 450GeV and sφ = 0.80.
simulation. In Figure 6, we display the distribution of opening angles angles for events which have already
passed the pLT and jet multiplicity cuts. We choose to eliminate those events with cos θeµ > −0.5, that is,
those where the electron and muon are not strongly back-to-back. Note that the vast majority of the signal
events pass the topological cut, while the background events are more likely to fail it. We have displayed
the impact of this topological cut on the signal-to-background ratios for various pLT cuts in Figure 4.
At this point, the remaining background is almost purely W-pair. We apply a final topological that that
eliminates much of the remaining W-pair background, based on the opening angle between the lowest pT
lepton and the transverse missing energy in the event, which we label θℓ 6ET . In order for the event to conserve
momentum overall, we would expect the missing transverse energy vector to point along the direction of
the softer decay lepton in the Z0 and signal events. Hence, we expect this opening angle to be peaked near
θℓ 6ET = 0 for the signal events, while for the other backgrounds, we would not expect this. Based on the
opening angle distributions shown in Figure 7, we eliminate events where cos θℓ 6ET < 0.9, which is particularly
effective at eliminating the W-pair background, and particularly ineffective at eliminating signal events.
To summarize the effectiveness of our cuts, we present in Table 1 the fraction of each type of event which
survives each cut, along with the expected number of events that survive; overall, roughly 40% of the signal
events will survive all four cuts, while substantially less than 1% of all background events will similarly
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Figure 6: Distribution of opening angles between the electron and muon tracks. We have plotted here the
cosines of the opening angle, cos θeµ, split into two backward (negative cosine), and two forward (positive
cosine) bins, following both the pLT and jet multiplicity cuts. The upper left plot is the Z
′ signal process,
upper center the Z0 background, upper right the W-pair background, and lower left the top background, and
the lower right the bottom background. Note that the vast majority, 80%, of eµ pairs from Z′ signal events
are in the “strongly backward” bin (with cos θ < −0.5), while approximately 40% of eµ pairs for all types of
background events (except bottom, 60%) are in the “strongly backward” bin. A cut requiring the event to
lie in the “strongly backward” bin will eliminate a large group of remaining background events (this group
is shaded gray in each figure). The Z′ plot is for MZ′ = 450GeV and sφ = 0.80.
survive.
After performing these cuts on our data, we determined normalized signal and background cross sections
from our Monte Carlo data, from which we can obtain luminosity bounds for 90% and 95% exclusion, as
well as three and five standard deviation discovery bounds. We will explore first the exclusion reach of the
Tevatron, followed by the discovery reach.
Exclusion bounds are obtained by calculating the following Poisson test statistic [27],
r(σS , σB ,L) = 1−
∑N
i=0 (S +B)
i e−(S+B)/i!∑N
i=0B
ie−B/i!
(4.9)
where σB is the calculated background cross section, σS is the calculated signal cross section, L is the
integrated luminosity, B = σBL is the expected number of background events, S = σSL the expected
number of signal events, and N is the largest integer smaller than the upper limit on the expected number
of background events, that is N = ⌊σBL⌋ = ⌊B⌋. For each value of MZ′ and sφ, taking the calculated
signal and background cross sections, we varied the integrated luminosity and determined the statistic r.
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Figure 7: Distribution of cos θℓ 6ET , the opening angle between the lowest energy lepton track and the missing
energy direction. We have plotted here the fraction of events with given cosine of the opening angle, split into
twenty equal bins, following the pLT , jet multiplicity, and θeµ cuts. The upper left plot is the Z
′ signal process,
upper right the Z0 background, lower left the W-pair background, and lower right the top background. The
bottom background is also reduced by this cut (see Table 1), but the bottom background Monte Carlo sample
did not have enough events remaining to produce a smooth distribution at the 20 bin granularity, and so
is not plotted here. As discussed in the text, we find the expected qualitative difference between the signal
events and the now dominant W-pair background. A cut at small opening angle will preferentially eliminate
the W-pair background, and so we choose to require cos θℓ 6ET > 0.90. The Z
′ plot is for MZ′ = 450GeV and
sφ = 0.80.
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Event Type Cuts
No Cuts pLT njet cos θeµ cos θℓ 6ET
η σ (fb) η σ (fb) η σ (fb) η σ (fb) η σ (fb)
SU(2) Z′ Signal, MZ′ = 450GeV
sφ = 0.80 1.00 35.2 0.80 28.0 0.67 23.7 0.58 20.3 0.50 17.5
U(1) Z′ Signal, MZ′ = 350GeV
cφ = 0.80 1.00 35.7 0.73 26.0 0.62 22.3 0.48 17.2 0.41 14.7
Backgrounds
Z0 1.00 884.3 <0.01 6.7 <0.01 4.7 <0.01 2.0 <0.01 1.3
Top 1.00 92.7 0.65 60.0 0.11 10.6 0.04 3.9 <0.01 0.6
Bottom 1.00 6660.0 0.01 78.0 <0.01 2.8 <0.01 1.7 <0.01 0.8
W+W− 1.00 113.4 0.40 45.6 0.34 39.1 0.16 18.4 0.02 2.7
All 1.00 7750.4 0.02 190.3 <0.01 57.2 <0.01 26.0 <0.01 5.4
Table 1: Efficiency of the four event selection cuts. Displayed here are the number of events per inverse
femtobarn of luminosity of each type that pass each cut, along with the cumulative efficiency, η, with which
the given cuts retain events. The choice of where to place each of the three cuts is made to maximize
the efficiency with which the signal is retained, while simultaneously maximizing the efficiency with which
the backgrounds are eliminated and maximizing the overall number of signal events that survive. Overall,
roughly 40-50% of the signal events will survive, while less than 1% of the total background will survive for
the pLT , jet, and opening angle cuts discussed in the text.
The minimum integrated luminosity required to exclude the model at a given confidence level, C, is the
luminosity where r = C. The algorithm determines the ratio of the total probability of N or fewer events
occurring in an experiment, for the model of new physics, compared to the probability for standard model
physics. At a given confidence level, C, the area of overlap between the two probability distributions will be
given by 1− C.
We plot the exclusion limits in Figure 8 for a number of Z′ masses and a range of mixing parameters,
sφ. For a Z
′ boson of given mass, the luminosity required for exclusion is lowest when the mixing angle is
near sφ = 0.80, with an approximately quadratic increase on either side of the minimum. The shape of the
exclusion curve reflects the dependence of the Z′ width on sφ (cf. Figure 1): narrow Z
′ bosons are easier
to detect. With a few inverse femtobarns of integrated luminosity, the Z′ → ττ → eµ channel will begin to
explore portions of the model parameter space that are not excluded by the precision electroweak data.
Discovery limits are obtained by applying the following algorithm. For a given integrated luminosity, L,
we expect to observe B = σBL background events, and S = σSL signal events, for a total of S+B expected
events. We calculate the Poisson probability, P (µ, x), that an expected background of µ = B events could
fluctuate to give us a false signal of x = S + B events total, that is P (B,S + B). If the probability
of such a fluctuation is smaller than a given confidence level, we are justified in declaring discovery of a
new phenomenon at that level. We choose to determine the luminosity, L, for three gaussian standard
deviation discovery (which we denote as 3σ), where P (B,S + B)3σ ≤ 1.35 × 10−3, and for 5σ, where
P (B,S + B) ≤ 2.7 × 10−7. We plot discovery bounds for a number of Z′ masses and a range of mixing
parameter, sφ, in Figure 9 As expected from the previously determined exclusion bounds, for a Z
′ boson
of a given mass, the luminosity for discovery is lowest when the mixing angle is near sφ = 0.80. As with
exclusion, only a few inverse femtobarns of integrated luminosity will be required to discover a Z′ boson with
mass just above the current exclusion bounds.
By studying the eµ invariant mass distribution (Meµ = |pµ + pe|) it may be possible to detect the
presence of a Z′ boson and to determine its mass. As shown in Figure 10, the invariant mass distribution of
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Figure 8: Luminosity required to exclude SU(2) Z′ bosons of various mass and mixing angles in the extended
electroweak scenario of Section 2. We display four pairs of curves, each with a lower dashed curve, the 90%
exclusion bound, and an upper solid curve, the 95% exclusion bound. From bottom to top, the curves cor-
respond to Z′ masses of 600GeV, 650GeV, 700GeV, and 750GeV. The horizontal lines indicate luminosity
targets for Run II, for reference: 2 fb−1, 10 fb−1, and 30 fb−1.
the background events which pass all of our cuts peak at around 100GeV. The centroid of the distribution of
signal events is shifted toward higher invariant mass, with the amount of the shift depending on the value of
MZ′ , but almost independent of sφ, Figure 11. However, as the background rate is independent of the mixing
angle while the signal rate is not, the centroid of the background plus signal distribution is not sufficient
on its own to determine the mass. With a sufficiently high data rate, available at the LHC for example,
it may be possible to choose more aggressive cuts that would lessen the dependence of the centroid on the
background; it may alternatively be possible to perform a background subtraction on the invariant mass
distribution, although this approach is more difficult to perform with confidence. With enough data, then,
it should be possible to determine MZ′ from the measured invariant mass distribution Meµ.
Determining the value of sφ will be more challenging. As indicated by the shape of the exclusion curves
in Figure 8, the relationship between event-rate and sφ is double-valued: a given event rate corresponds to
two values of sφ, one above and one below sφ = 0.80 (approx.). Finding evidence of Z
′ → e+e−, µ+µ− may
allow one to differentiate between the two possible values of sφ due to the different forms of the couplings:
the first or second generation lepton couplings vary as cφ/sφ, while to the third generation couplings vary
as sφ/cφ.
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Figure 9: Luminosity required to discover SU(2) Z′ bosons of various masses and mixing angles in the
extended electroweak scenario of Section 2. We display two types of curves. Dashed curves are 3σ discovery
curves for a fixed mass, while solid curves are 5σ discovery curves. From bottom to top, 3σ curves are
displayed for Z′ masses of 550GeV, 600GeV, 650GeV, and 700GeV. From bottom to top, 5σ curves are
displayed for Z′ masses of 550GeV, 600GeV, and 650GeV. The horizontal lines indicate luminosity targets
for Run II, for reference: 2 fb−1, 10 fb−1, and 30 fb−1.
5 Z′ Bosons from Extended Hypercharge Interactions
Models with an extended hypercharge gauge group can also produce heavy Z′ bosons that couple more
strongly to the third generation than to the lighter generations [3, 8, 28, 10]. In these theories, the electroweak
gauge group is
SU(2)W ×U(1)h ×U(1)ℓ (5.1)
where third-generation fermions couple to U(1)h with standard hypercharge values and the other fermions
are carry standard hypercharges under U(1)ℓ. At a scale above the weak scale, the two hypercharge groups
break to their diagonal subgroup, identified as U(1)Y . As a result, a Z
′ boson that is a linear combination
of the original two hypercharge bosons becomes massive. This heavy Z′ boson couples to fermions as
−i e
cos θ
(
sχ
cχ
Yℓ − cχ
sχ
Yh
)
(5.2)
where χ is the mixing angle between the two original hypercharge sectors
cotχ =
(
gh
gℓ
)2
. (5.3)
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Figure 10: Electron-muon invariant mass (Meµ = |pe + pµ|) distribution for signal plus background events
surviving all cuts. For comparison, the distribution for all background events is shaded. The presence of
a heavy Z′ boson clearly alters the distribution of events, toward higher invariant mass. Variation of the
mixing angle for a fixed mass Z′ impacts the event rate of the distributions, but roughly speaking, not the
shape or location of the peak. The distributions displayed here are for MZ′ = 450GeV and sφ = 0.60, and
for MZ′ = 450GeV and sφ = 0.80.
Comparing Equation 5.2 with the covariant derivative for the Z′ boson from an extended weak group, Equa-
tion 2.11, we find three key differences. Two are physically relevant: the overall coupling is of hypercharge
rather than weak strength, and the Z′ couples to both left-handed and right-handed fermions at leading
order. One is a matter of convention: mixing angle χ is equivalent to π/2− φ.
At energies well below the mass of the Z′ boson, its exchange in the process e+e− → ff where f is a τ
lepton or b quark may be approximated by the contact interaction
LNC ⊃ e
2
cos2 θM2Z′
(
sχ
cχ
[
eγµYℓe
])( cχ
sχ
[
fγµYhf
])
(5.4)
Comparing this with the contact interactions studied by LEP (see Section 3.1), we find that the LEP
data sets its strongest limit through the process e+Re
−
R → τ+R τ−R [20, 21],
Λ(f = τ, ηRR = +1) >
{
3.7TeV ALEPH
3.7TeV OPAL ,
(5.5)
which gives a limit on the Z′ mass of
MZ′ = Λ
√
αem
cos2 θ
> 370GeV . (5.6)
This is stronger than the previous limits from precision electroweak data [11].
We have also used the techniques described in Section 4 to analyze the process pp → Z′ → ττ → eµ
for a U(1) Z′ boson. Due to the similar form of couplings of the Z′ bosons to fermions, we obtain results
for exclusion and discovery bounds that can be expected from the Tevatron that depend on mixing angle
in a similar fashion. We display exclusion bounds in Figure 12 and discovery bounds in Figure 13. The
luminosity required to exclude or discover a U(1) Z′ boson is a bit greater than for an SU(2) Z′ boson of
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Figure 11: We plot the centroids of the eµ invariant mass distributions, Meµ. The plot on the left displays
the centroids of the signal distributions as a function of mass and mixing angle. Note that the centroids
are nearly independent of the mixing angle. We do not, however, measure the signal in isolation, but in the
presence of backgrounds. The plot on the right displays the centroids of the combined signal and background
distributions. Here, the separation of the model parameters based on the data is less straightforward,
although clearly differentiated from the background distribution alone. The solid curves, from bottom to
top in the left plot, correspond to Z′ masses of 450GeV, 550GeV, 650GeV, and 750GeV; the dotted line
at the bottom is the centroid of the background by itself. The signal plus background distributions in the
right plot all essentially overlap, but are separated from the background distribution. The dotted line at the
bottom is the centroid of the background by itself. The solid curves, from bottom to top, correspond to Z′
masses of 750GeV, 450GeV, 650GeV, and 550GeV.
the same mass. This difference reflects the fact that the U(1) boson’s coupling to fermions is of hypercharge
rather than weak strength.
6 Future Searches
Detecting even relatively light Z′ bosons that couple preferentially to third-generation fermions is clearly a
challenge for Tevatron and LEP experiments. Even in the pp¯→ Z′ → ττ → eµ process where the signal-to-
background ratio can be made quite large, the absolute number of signal events is kept low by the size of
the Z′ boson’s coupling to the light fermions from which it is produced. In the long term, the LHC’s higher
center-of-mass energy will allow its experiments to search for these Z′ bosons without being hampered by
low signal event rates. In the meantime, we suggest that a few additional search channels may prove useful.
Obviously, the reach in τ+τ− final states will be extended beyond that shown in this analysis if use
can be made of one or more hadronic tau decays 6. The single-prong decays of the tau, which constitutes
about 85% of all decays, may have sufficiently small background since QCD should rarely produce isolated,
high-pT tracks. It will be difficult to use these final states to search for Z
′ bosons: it is extremely hard, in the
hadronic environment, to trigger on jets, and flavor tagging with high precision is an unresolved problem.
Nonetheless, since the branching ratio of τ to hadrons (BR(τ → hadrons) ≈ 65%) is higher than to leptons
(BR(τ → leptons) ≈ 35%) [30], even modest jet trigger and flavor tagging efficiencies could prove extremely
valuable in searches or measurement of parameters. The ability to use these additional channels with their
higher event rates should yield significantly improved mass limits for a given integrated luminosity.
In the semi-leptonic decay scenario, where we have τ+τ− → jet + ℓ, the event trigger could be a high-pT
electron or muon with, for example, pT > 15GeV. In offline processing, one would then reconstruct the jets,
6A parton-level study in ref. [29] estimates that a 500 GeV X boson coupling to B− 3Lτ could be visible via X → τ+τ− →
jet + ℓ in 2 fb−1 of data at Run II.
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Figure 12: Luminosity required to exclude U(1) Z′ bosons of various mass and mixing angles in the extended
hypercharge scenario of Section 5. We display four pairs of curves, each with a lower dashed curve, the
90% exclusion bound, and an upper solid curve, the 95% exclusion bound. From bottom to top, the curves
correspond to Z′ masses of 500GeV, 550GeV, 600GeV, and 650GeV. The horizontal lines correspond to
the luminosity targets for Run II, displayed for ease of reference: 2 fb−1, 10 fb−1, and 30 fb−1.
and attempt to perform flavor tagging. If the corrected τ tagging efficiency7 can be raised to approximately
15%, then the semi-leptonic events will provide the same event rate for analysis as the fully leptonic events
previously considered. Further study of these channels are clearly warranted.
Z′ bosons arising from extended weak interactions will also be accompanied by W′ bosons of very similar
mass (to leading order, MZ′ = MW′). These bosons could be searched for in the process pp → W′ → τντ .
Standard model backgrounds would include pp→ W → ℓνℓ and pp→WZ0 → ℓνℓνν, both of which should
have softer lepton spectra, as well as pp→ Z0 + jet→ νν + fake lepton, where the jet is misidentified.
The methods of analysis pursued in Section 4 could productively be applied to models with scalars that
have large branching ratios to tau pairs. While a heavy Standard Model Higgs boson does not have a high
enough branching ratio for these analyses to provide useful limits, a pseudoscalar Higgs with large branching
ratio would be an interesting candidate for study.
7 Conclusions
We have discussed two methods of searching for Z′ bosons that couple primarily to third generation fermions.
Bounds on the scale of quark-lepton compositeness derived from data taken at LEP and the Tevatron
now imply that Z′ bosons derived from extended SU(2)h × SU(2)ℓ or U(1)h × U(1)ℓ interactions must
7By which we mean the tagging efficiency, after corrections for other objects faking τ jets.
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Figure 13: Luminosity required to discover U(1) Z′ bosons of various masses and mixing angles in the
extended hypercharge scenario of Section 5. We display two types of curves. Dashed curves are 3σ discovery
curves for a fixed mass, while solid curves are 5σ discovery curves. From bottom to top, 3σ curves are
displayed for Z′ masses of 450GeV, 500GeV, 550GeV, and 600GeV. From bottom to top, 5σ curves are
displayed for Z′ masses of 450GeV, 500GeV, and 550GeV. The horizontal lines indicate luminosity targets
for Run II, for reference: 2 fb−1, 10 fb−1, and 30 fb−1.
have a mass greater than about 375GeV. The reach of these limits will improve as additional data is
taken. As the Tevatron Run II begins, it will become possible to search for Z′ bosons using the process
pp→ Z′ → ττ → eµX. We have shown that a combination of cuts based on lepton transverse momenta, jet
multiplicity, and event topology, can overcome the standard model backgrounds. With 30 fb−1 of data, the
Run II experiments will be able to exclude Z′ bosons with masses up to 750GeV. Were a Z′ boson, instead,
discovered, the shape of the eµ invariant mass distribution and the relative branching fractions to taus and
to muons could reveal the Z′ mass and coupling strength.
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